Pleurocidin, a 25-mer antimicrobial peptide, has been known to exhibit potent antibacterial activity. To investigate the functional roles in N-and C-terminal regions of pleurocidin on the antibacterial activity, we designed four truncated analogs. The antibacterial susceptibility testing showed that pleurocidin and its analogs exerted antibacterial effect against various bacterial strains and further possessed specific activity patterns corresponding with their hydrophobic scale [pleurocidin > Anal 3 (1-22) > Anal 1 (4-25) > Anal 4 (1-19) > Anal 2 (7-25)]. Fluorescence experiments using 1,6-diphenyl-1,3,5-hexatriene (DPH) and 3,3'-dipropylthiadicarbocyanine iodide [diSC 3 (5)] indicated that the differences in antibacterial activity of the peptides were caused by its membrane-active mechanisms including membrane disruption and depolarization. Blue shift in tryptophan fluorescence demonstrated that the decrease in net hydrophobicity attenuates the binding affinity of pleurocidin to interact with plasma membrane. Therefore, the present study suggests that hydrophobicity in the N-and C-terminal regions of pleurocidin plays a key role in its antibacterial activity.
Antimicrobial peptide pleurocidin (GWGSFFKKAAHV GKHVGKAALTHYL-NH 2 ) derived from the skin mucous secretion of winter flounder Pleuronectes americanus retains high amino acid sequence homology with the dermaseptin and ceratotoxin classes of antimicrobial peptides [3] . This peptide has been reported to exhibit a broad range of antimicrobial activity against Grampositive and Gram-negative bacteria and fungi by forming an α-helical structure similar to many other antimicrobial peptides, which can disrupt cell membrane structure by forming pores [3, 8] . Pleurocidin consists of 25 amino acid residues and possesses a net positive charge at physiological pH and an amphipathic structure with a balance between hydrophobic amino acids such as Trp, Phe, and Leu, and hydrophilic amino acids such as Lys, His, and Ser. These hydrophobic amino acids are in common at both the N-and C-terminal regions of pleurocidin, and the hydrophobicity in a peptide has a major impact on membrane interaction and permeabilization [27] . Specifically, the hydrophobic Trp residue at the C-terminal region may support a more efficient interaction with the bacterial membrane surfaces, allowing the peptides to be partitioned in the bilayer interfaces [20, 25] . In addition, the N-or Cterminal region of antibacterial peptides plays an important role in a bacteria-specific interaction process or pore formation in plasma membrane (e.g., pyrrhocoricin) [11] . By understanding the role of amino acids in a particular region using truncated peptides, we can eliminate unnecessary amino acids that are not directly involved in antibacterial activity, and help to reduce the cost of peptide synthesis.
In this study, using four novel analogs [Anal 1 , Anal 2 (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) , Anal 3 , Anal 4 (1-19)], which were partially truncated in the N-or the C-terminal regions of pleurocidin, the relationship between their antibacterial properties and the role of each truncated N-or C-terminal region were investigated.
MATERIALS AND METHODS
Peptide Synthesis Anygen Co. (Korea) carried out the peptide synthesis. Anygen Co. offers the following procedures for peptide synthesis. The assembly of peptides consisted of a 60 min cycle for each residue at ambient temperature as follows: (1) the 2-chlorotrityl (or 4-methylbenzhydrylamine amide) resin was charged to a reactor and then washed with dichloromethane (DCM) and N,N-dimethylformamide (DMF), *Corresponding author Phone: +82 53 950 5373; Fax: +82 53 955 5522; E-mail: dglee222@knu.ac.kr respectively, and (2) a coupling step with vigorous shaking using a 0.14 mM solution of Fmoc-L-amino acids, and Fmoc-L-amino acids preactivated for approximately 60 min with a 0.1 mM solution of 0.5 M HOBt/DIC in DMF. Finally, the peptide was cleaved from the resin using a trifluoroacetic acid (TFA) cocktail solution at ambient temperature [12, 18] .
HPLC Analysis and Purification of Peptides
Analytical and preparative reverse-phase HPLC runs were performed with a Shimadzu 20 A or 6 A gradient system. Data were collected using an SPD-20 A detector at 230 nm. Chromatographic separations were achieved with a 1%/min linear gradient of buffer B in A [A = 0.1% TFA in H 2 O; B = 0.1% TFA in acetonitrile (CH 3 CN)] over 40 min at flow rates of 1 and 8 ml/min using Shimadzu C 18 analytical (5 µm, 0.46 cm × 25 cm) and preparative C 18 (10 µm, 2.5 cm × 25 cm) columns, respectively. Mass spectrometry was also performed [10] .
Isolation of Antibiotic-Resistant Bacterial Strains and Determination of Antibacterial Susceptibility
All antibiotic-resistant bacterial strains were isolated from a tertiary teaching hospital, Kyungpook National University Hospital in Daegu, South Korea. All isolates were processed by the MicroScan WalkAway 96 system for genus and species identification and the determination of the antimicrobial susceptibility tests. MicroScan Gram-positive MIC/combo (PC1A) panel, Gram-negative MIC/combo (NC44) panel, and Gram-negative breakpoint combo (NBC39) panel were used in determining antimicrobial agent susceptibility and identification to the species level of Enterococcus faecium, Staphylococcus aureus, Escherichia coli O-157, and Pseudomonas aeruginosa, respectively.
Inoculum suspensions for the system were processed on the same day using the same fresh 18-to 24-h subculture plate. The Prompt Inoculation System-D was used to standardize inocula for microdilution antimicrobial susceptibility tests. All procedures were performed according to the manufacturers' recommendations. All antimicrobial susceptibility tests were performed in compliance with current Clinical and Laboratory Standards Institute (CLSI) methods as recommended by the manufacturers' package inserts with the products.
Antibacterial Activity Assay S. aureus (ATCC 25923), E. faecium (ATCC 19434), E. coli O-157 (ATCC 43895), and P. aeruginosa (ATCC 27853) were obtained from the American Type Culture Collection (ATCC) (Manassas, VA, USA). Bacterial cells (2 × 10 6 cells/ml) were incubated into a Luria-Bertani (LB) broth, and 0.1 ml of bacterial culture was dispensed per well into 96-well microtiter plates. The MIC was determined by a serial 2-fold dilution of test compounds following the recommendations of the CLSI [2] . After 24 h of incubation at 37 o C, the minimal concentration of the compound to prevent the growth of the given test organism was determined and was defined as the MIC. Growth was assayed with a microtiter ELISA Reader (Molecular Devices Emax, USA) by monitoring the absorption at 620 nm [21] .
Measurements of the Plasma Membrane Fluorescence Intensity
The fluorescence intensity from the exponential bacterial cells labeled by 1,6-diphenyl-1,3,5-hexatriene (DPH) (Molecular Probes, USA) was used to monitor changes in membrane dynamics. The cells (2 × 10 6 cells in LB broth) containing the peptide were incubated at a physiological temperature of 37 o C on a rotary shaker at 140 rpm for 2 h. The control cells were incubated in the absence of the peptide. The suspension was incubated with 0.6 mM DPH dissolved in DMF for 45 min at 37 o C and washed with PBS buffer. The fluorescence intensity was measured by a Shimadzu RF-5301PC spectrofluorophotometer (Shimadzu, Japan) at 350 nm excitation and 425 nm emission [22] .
Membrane Depolarization Assay
Measurements of cytoplasmic membrane depolarization were made using a membrane potential-sensitive probe, 3,3'-dipropylthiadicarbocyanine iodide [diSC 3 (5)] (Sigma Chemical Co., USA). Cells were grown at 37 o C to mid-log phase, centrifuged (959 ×g, 7 min), and washed with 5 mM HEPES buffer (pH 7.2) containing 20 mM glucose and resuspended in buffer (5 mM HEPES buffer, 20 mM glucose, 100 mM KCl, pH 7.2) to an OD 600 of 0.05. Changes in fluorescence due to the collapse of the cytoplasmic membrane potential were continuously monitored at 20 o C using a Shimadzu RF-5301PC spectrofluorophotometer at an excitation wavelength of 622 nm and an emission wavelength of 670 nm. When the dye uptake was maximal, as indicated by a stable reduction in fluorescence due to quenching of the accumulated dye in the membrane interior, 10 µM of peptides was added to the cells. Measurements were repeated two times under each condition to ensure reproducibility [26] .
Preparation of Small Unilamellar Vesicles (SUVs)
SUVs, composed of PE:PG 3:1 (mol/mol) [16] , PE:PG:CL 60:20:11 (mol/mol/mol) [14] , PG:PC 1:1 (w/w) [6] , and PG:CL 58:42 (w/w) [5] for E. coli O-157, P. aeruginosa, E. faecium, and S. aureus, were dissolved in chloroform (2 mg/ml). Solvents were removed by rotatory evaporation for 2 h to form a thin film. The dried thin films were hydrated with 2 ml of a HEPES/EDTA buffer (5 mM HEPES, 0.1 mM EDTA, pH 7.0). The lipid dispersions were then sonicated in ice water for 40 min until the solution became transparent. The solution was extruded through polycarbonate filters (two stacked 30 nm pore size filters) by an extruder (Avanti Polar Lipids, Inc., USA) [28] .
Tryptophan (Trp) Fluorescence Blue Shift
The fluorescence emission spectrum of the Trp residues in the peptides was monitored in a HEPES/EDTA buffer or in a buffer containing PE:PG 3:1 (mol/mol), PE:PG:CL 60:20:11 (mol/mol/mol), PG:PC 1:1 (w/w), and PG:CL 58:42 (w/w) SUVs at 10 µM of peptide:lipid mixture at a molar ratio of 1:50. The SUVs were used to minimize the differential light scattering effects. After 10 min, fluorescence spectra were measured with a Shimadzu RF-5301PC spectrofluorophotometer. The fluorescence was excited at 280 nm and the emission scanned from 290 to 450 nm [11, 28] .
RESULTS

Antibacterial Activity of Pleurocidin and Its Analogs
To understand the structural requirements of the antibacterial effects of pleurocidin, we designed four analog peptides by partially truncating amino acids in the N-or C-terminal regions of pleurocidin (Table 1) . To investigate biological properties of the terminal regions, Anal 1 (4-25) and Anal 2 (7-25) were designed by cutting GWG (1-3) or GWGSFF (1-6) residues in the N-terminal region, respectively. In addition, we synthesized Anal 3 and Anal 4 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) , which are truncated peptides of pleurocidin with HYL (23) (24) (25) or ALTHYL (20) (21) (22) (23) (24) (25) in C-terminal deletion.
The antibacterial activity of pleurocidin and its analogs on human pathogenic bacteria was investigated and described as the MIC. In the current study, melittin was used as a positive control that has a strong cytolytic potency in both eukaryotic and prokaryotic cells [15] . The results showed that pleurocidin and its analogs possessed an antibacterial effect, but exhibited less potent antibacterial activity than melittin. The bacterial strains tested were susceptible to pleurocidin with MIC values in the range of 2.5-10 µM, whereas the analogs had MIC values in the range of 5-40 µM. Furthermore, the specific pattern of their antibacterial Table 2 . The antibacterial activity of pleurocidin and its analogs. Antibiotic-resistant E. faecium. c Antibiotic-resistant E. coli. Table 2 .
Change in the Bacterial Plasma Membrane Dynamics
To compare the membrane-active activity of pleurocidin and its analogs on the bacterial membrane, changes in membrane dynamics were examined with a fluorescent membrane probe, DPH. DPH enables it to interact with an acyl group of the lipid bilayer within the plasma membrane without disturbing the structure of the lipid bilayer [23] . This allows for a comparison of the antibacterial activities of pleurocidin and its analogs on cell membranes and their potencies. We selected Gram-positive S. aureus and E. faecium, and Gram-negative E. coli O-157 and P. aeruginosa as model organisms for examination in this study. The DPH fluorescence intensity on plasma membrane of the analogs decreased when increasing their concentrations (2.5, 5, 7.5, and 10 µM), but this decrease was still less than that observed in the presence of melittin and pleurocidin. The results indicated that the antibacterial activity was less potent against Gram-negative bacteria than Gram-positive bacteria, and contained a specific pattern; pleurocidin > Anal 3 (1-22) > Anal 1 (4-25) > Anal 4 (1-19) > Anal 2 (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (Fig. 1) .
Membrane Depolarization in Intact Bacterial Cells Using diSC 3 (5) Assays
It has been reported that pleurocidin exerts antibacterial activity by inducing plasma membrane depolarization [9] . To confirm the change of plasma membrane potential by pleurocidin and its analogs, we used the lipophilic potentiometric indicator dye diSC 3 (5) (Fig. 2) . DiSC 3 (5) as a potential-sensitive probe is translocated into the lipid bilayer according to the magnitude of the electrical potential gradient of the membrane. Thereafter, it becomes concentrated in the membranes and self-quenches the fluorescence of the dye [17] . The addition of pleurocidin and its analogs resulted in an increase of diSC 3 (5) fluorescence intensity, suggesting induction of membrane depolarization. The results showed that the activity pattern in the diSC 3 (5) assay mostly corresponded to the result of the antibacterial susceptibility testing and DPH assay, and the dissipation of the membrane potential by peptides in Gram-negative cells is less than that of Gram-positive cells.
Trp Fluorescence Blue Shift
As the hydrophobic Trp residue of the peptide is sensitive to a hydrophobic environment, this sensitivity provided a possibility for monitoring its binding to the liposome [1] . When the peptides having Trp residue bind to liposomes that mimic Gram-positive or Gram-negative bacterial membranes, the emission maximum of the peptides having the Trp residues will shift to a shorter wavelength, called blue shift [29] . We used liposomes based on the following lipid mixtures that mimic the membrane compositions of bacteria: E. coli O-157 (PE:PG = 3:1, mol/mol), P. aeruginosa (PE:PG:CL = 60:20:11, mol/mol/mol), E. faecium (PG:PC = 1:1, w/w), and S. aureus (PG:CL = 58:42, w/w) ( Table 3 ). The result showed that the peptides in distilled water had a fluorescence emission maximum of 341-345 nm, but the fluorescence emission maxima of bacterial membrane mimetic liposomes exposed to peptides shifted to a significantly shorter wavelength. Whereas pleurocidin and melittin showed a significant blue shift in liposomes (7-13 nm), the Anal 3 and Anal 4 (1-19) had a lower blue shift (4-8 nm). These results suggested that although the Anal 3 and Anal 4 (1-19) have hydrophobic amino acids such as Trp and Phe, they possessed less binding affinity to the bacterial membrane owing to a decrease in net hydrophobicity of peptide.
DISCUSSION
The activity of antimicrobial peptides depends on its structural parameters such as amino acid conformation, net charge, net hydrophobicity, hydrophobic moment, amphipathicity, and polar angle [27] . Because bacterial membranes are rich in the negatively charged phospholipids, peptide cationicity plays an important role on antimicrobial activity. When antimicrobial peptides interact with the membrane, moderate hydrophobicity that does not affect antimicrobial specificity is also required for effective membrane permeabilization. Hydrophobic components of the amphipathic peptide are inserted into the membrane, forming particular pore structures.
Antimicrobial peptide pleurocidin displays an amphipathic α-helical structure similar to many other antimicrobial peptides, which causes a lysis of the intracellular contents by binding to the surface of bacterial membranes [3] . The α-helical structure produces a significant destabilizing effect upon membranes, which insert themselves into the membrane by binding more efficiently [7] , and cationic properties of pleurocidin also increase the interaction with anionic lipid bilayers. Pleurocidin possesses hydrophobic Trp and Phe in the N-terminal region, and positive charged His and hydrophobic Leu in the C-terminal region. As a result, the deletion of these residues caused the decrease of hydrophobicity, and even Anal 3 and Anal 4 (1-19) also decreased the net charge.
Using the MIC test, we confirmed that pleurocidin and its analogs showed significant antibacterial activity against Gram-negative and Gram-positive bacteria, and even the antibiotic-resistant strains such as antibiotic-resistant S. aureus (ARSA), antibiotic-resistant E. faecium (AREF), antibiotic-resistant E. coli (AREC), and antibiotic-resistant P. aeruginosa (ARPA). However, the antibacterial activities of the analogs were less potent than those of pleurocidin or melittin, and they showed a significant activity pattern [pleurocidin > Anal 3 (1-22) > Anal 1 (4-25) > Anal 4
(1-19) > Anal 2 (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) ]. This activity pattern was correlated with net hydrophobicity rather than the net charge of peptides. Furthermore, the peptides showed a more powerful activity against Gram-positive than Gram-negative bacteria. It is thought that the difference in the activity of peptides is connected to the difference in the bacterial cell wall structure. Whereas Gram-positive bacteria have a simple cell wall structure, Gram-negative bacteria have not only a more complicated cell wall structure but also a second outer membrane that inhibits the permeation of the antimicrobial peptides [24] .
We assumed that these differences of antibacterial activity may be caused by the effect of peptides on the cell membrane. Using DPH, a hydrophobic membrane probe, we compared the membrane-disruptive effect of pleurocidin with those of its analogs. Because DPH consists of a long rod-like structure having nonpolar properties, it can interact with the hydrophobic phospholipid fatty acyl chains in biological membranes [4] . If the plasma membrane is damaged by the external response, then DPH molecules cannot be inserted into the lipophilic tails of the phospholipids in the bilayer, showing a decrease of DPH fluorescence intensity. The difference in the decreased amount of DPH in cells, after treatment with pleurocidin and its analogs, provides further evidence that the removal of the N-or C-terminal hydrophobic region reduces the potencies of pleurocidin that penetrate and disrupt the plasma membrane.
The perturbation of the membrane lipid bilayers by antimicrobial peptides can cause the formation of pores or dissipation of the electrical potential of the membrane. Through diSC 3 (5) assay, the change of membrane potential by pleurocidin and its analogs was observed. DiSC 3 (5) can detect the cytoplasmic membrane depolarization as a membrane potential-sensitive dye [19] . After addition of the dye to bacterial cells, the fluorescence intensity is strongly quenched, according to the magnitude of the electrical potential gradient of the membrane. The increased extent of fluorescence intensity indicates the released amount of the probe by membrane potential damage. From the results that the pattern of potency inducing plasma membrane depolarization was consistent with the result of DPH assay, we realized that the hydrophobic N-and C-terminal regions of pleurocidin play important roles on both the disruption of the membrane structure and depolarization of the plasma membrane potential. A hydrophobic Trp residue of peptides was used to investigate the binding specificity of the peptides to artificial liposomes, which mimic bacterial membrane, by monitoring the fluorescence emission of the Trp [29] . When peptides having Trp residue penetrate deeper into the hydrocarbon region of lipid bilayers, they show a significant decrease of fluorescent intensity by concealing Trp residues into the membrane. Although Anal 3 and Anal 4 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) have Trp in the N-terminal region like pleurocidin, they showed a decrease in antibacterial activity due to a decrease in net hydrophobicity. The decrease in net hydrophobicity of Anal 3 and Anal 4 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) can influence the binding affinity between peptides and the phospholipid membrane, and makes it difficult to deeply penetrate in the hydrocarbon region of the anionic liposomal layer.
In conclusion, the partial deletion of the N-or Cterminal region not only deprives pleurocidin of the capability to interact with and penetrate the cell membrane, but also reduces the effect on plasma membrane potential. Therefore, analogs showed less antibacterial activity compared with pleurocidin, and specific activity patterns that are proportionate to their net hydrophobicity. We concluded that the partial deletion in the N-or C-terminal region influences the antibacterial activity of pleurocidin as a result of the decrease in net hydrophobicity.
